Understanding the mechanisms involved in the biogenesis of N-arachidonoylethanolamine (anandamide) and Npalmitoylethanolamine is important in view of the possible role of these lipids as endogenous cannabinoid substances. Anandamide (which activates cannabinoid CBl receptors) and N-palmitoylethanolamine (which activates a CB2-like receptor subtype in mast cells) may both derive from cleavage of precursor phospholipid, N-acylphosphatidylethanolamine (NAPE), catalyzed by Ca" -activated D-type phosphodiesterase activity. We report here that the de nova biosynthesis of NAPE is enhanced in a Ca*" -dependent manner when rat cortical neurons are stimulated with the Ca*' -ionophore ionomycin or with membrane-depolarizing agents such as veratridine and kainate. This reaction is likely to be mediated by a neuronal N-acyltransferase activity, which catalyzes the transfer of an acyl group from phosphatidylcholine to the ethanolamine moiety of phosphatidylethanolamine.
In addition, we show that Ca"-dependent NAPE biosynthesis is potentiated by agents that increase CAMP levels, including forskolin and vasoactive intestinal peptide. Our results thus indicate that NAPE levels in cortical neurons are controlled by Ca*' ions and CAMP. Such regulatory effect may participate in maintaining a supply of cannabimimetic N-acylethanolamines during synaptic activity, and prime target neurons for release of these bioactive lipids.
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There is evidence that N-arachidonoylethanolamine (anandamide) and other N-acylethanolamines (NAEs) act as intercellular signaling molecules in neural and non-neural tissues. Anandamidc activates CBl-type cannabinoid receptors in brain and mimics many distinctive psychotropic effects typical of cannabinoid drugs (Devane et al., 1992 ) (for review; set Mechoulam et al., 1994) . Similar effects are produced by other polyunsaturated NAEs (HanuS et al., 1993) . In addition, anandamide may have effects that are independent of the stimulation of CBl and CB2 reccptors. In striatal astrocytes, anandamide selectively decreases gapjunction permeability, but this effect is not mimicked by cannabinoid drugs and it is not prevented by a CBI-receptor antagonist (Venancc et al., 1995) . Saturated NAEs may also be biologically active and, in some cases, participate in cannabimimetic signaling. For instance, N-palmitoylethanolamine activates a CBZlike cannabinoid receptor present on mast cells (Facci et al., 1995) . Biochemical evidence indicates that endogenous NAEs are produced in and rclcased from neurons in a Ca*'-and activitydependent manner (Di Marzo et al., 1994; Hansen et al., 1995) . Furthermore, as expected for a signaling molecule, anandamide is short-lived: its lifespan is limited by uptake into neural cells (Di Rccetved Feb 14, 1996 , rewed March 27, 1996 , accepted Aprtl 1, 1996 Inmal experiments were carrted out at the Centre Paul Broca of In\tttut Natronal dc la Sante et de la Recherche MedIcale, Parts, France, and the support of Prof. J -C. Marzo et al., 1994) and by enzymatic hydrolysis, catalyzed by a selective amidohydrolase activity (Desarnaud et al., 1995; Hillard et al., 1995; Ueda ct al., 1995) . Two molecular mechanisms have been proposed for the generation of anandamide and other NAEs. The energy-independent condensation of ethanolamine and fatty acid has been rcported (Colodzin et al., 1963; Deutsch and Chin, 1993; Devane and Axelrod, 1994; Kruszka and Gross, 1994) . This reaction, which requires high concentrations of ethanolamine and fatty acid as well as alkaline pH optima, may be catalyzed by anandamide amidohydrolase acting in reverse (Ueda et al., 1995) . Alternatively, anandamidc and other NAEs may be produced by Ca*+ -stimulated, phosphodiestcrase-mediated cleavage of N-acylphosphatidylethanolamine (NAPE), a biochemical pathway extensively studied by Schmid and collaborators before the discovery of anandamide (for review, see Schmid et al., 1990) .
In the present study, we used rat cortical neurons in primary culture to address three questions relevant to the role of NAPE as precursor for NAEs. In which brain cell types does NAPE biosynthesis occur? Is NAPE biosynthesis regulated by neural activity or by stimulation of neurotransmitter receptors? What enzymatic mechanisms underlie NAPE biosynthesis? Our results indicate that NAPE is synthesized in neurons, not in astrocytes, and that NAPE biosynthesis is controlled by intracellular Ca*' levels ([Ca2'li) . Rises in [Ca*+], lead to the stimulation of an N-acyltransferasc activity that catalyzes the transfer of an acyl group from phosphatidylcholine (PC) to the ethanolaminc moiety of phosphatidylethanolamine (PE), producing NAPE. Finally, our results show that NAPE biosynthesis is potentiated by agents that stimulate CAMP formation in neurons, including vasoactive intestinal peptide (VIP). (Basel, Switzerland) .
Cell cultures and incubations. Cortical neuron and astrocyte cultures were prepared from 17-d-old rat embryos and maintained in serumsupplemented culture medium, as described previously (Di Marzo et al., 1994) . Cortical neurons were used after 5-6 d in vitro. Neurons (90 mm dishes, plated at a density of 2.5 x 10' cells/dish) and astrocyte cultures (90 mm dishes, used at confluence) were labeled by incubation (16-20 hr) with [3H]ethanolamine (1 pCi/ml, 34 Ci/mmol), [3H]arachidonic acid (1 @i/ml, 40-60 Ci/mmol), ['4C]arachidonic acid (1 @.X/ml, 58 mCi/ mmol), or [3H]palmitic acid (1 &i/ml, 40-60 Ci/mmol). The cultures were rinsed with DMEM (Gibco, Grand Island, NY) and incubated for various times (10 min in typical experiments) in DMEM (5 ml) containing drugs at the indicated concentrations. Incubations were stopped by adding ice-cold methanol (2 ml).
Lipid extraction and analyses. The methanol-containing samples were extracted with chloroform (2 ml), and the chloroform extracts were subjected to open-bed chromatography on 1 ml silica gel G-columns. The NAPE-containing fractions [eluted ivith chloroform/methanol, 6:4 (v/v)] were analyzed by thin-layer chromatography (TLC, Analtech) using a solvent system of chloroform/methanol/ammonium hydroxide (80~20~1). In some experiments, bands (1 cm) were cut and radioactivity was measured by liquid scintillation counting. In other experiments, the June 15, 1996, 76(12) Figure 2 . Quantitative analysis of neuronal NAPE by HPLC coupled to evaporative light-scattering detection. Representative chromatograms from (a) control neurons, (b) 1 PM ionomycin-stimulated neurons, and (c) control neurons to which synthetic NAPE (10 pg) was added before extraction, to verify its HPLC coelution with native NAPE. The arrows indicate the retention time of synthetic NAPE. Lipids were extracted and fractionated by column chromatography. The NAPE-containing fractions from two culture dishes were pooled and subjected to reversed-phase HPLC, as described in Materials and Methods. d, Response of the light-scattering detector as a function of injected synthetic NAPE (in 40 ~1 of chloroform). Photomultiplier voltage was set at 800 V, and nebulization temperature was set at 90°C. radioactive lipids were fractionated by bidimensional TLC (system 1: chloroform/methanol/ammonium hydroxide/water, 65:25:4:1; system 2: chloroform/acetone/methanol/acetic acid/water, 30:40:10:7:5), visualized by autoradiography (Kodak XAR-5 film, 7 d exposure), and identified by comigration with authentic standards [visualized by spraying the plates with a solution of phosphomolybdic acid in ethanol, 10% (w/v)]. For quantitative analyses, NAPE-containing fractions obtained by open-bed column chromatography were subjected to further purification by reversed-phase HPLC on a yBondapak Cl8 column (Waters, Milford, MA) using a gradient of water in methanol (from 30 to 0% over 10 min). This HPLC system allowed us to resolve NAPE (retention time, -14 min) from the following lipid components, which may be present in the NAPE-containing fractions: PE, PC, sphingomyelin, cerebrosides, diacylglycerols, triacylglycerols, monoacylglycerols, and cholesterol. NAPE differing in the N-acyl group were not resolved. The HPLC column was connected to an evaporative light-scattering detector (Eurosep) (for review, see Christie, 1987) with photomultiplier voltage set at 800 V and nebulization temperature set at 90°C. Under these conditions, we found that the photomultiplier response was linear between 1 and 10 pg of injected synthetic NAPE (Fig. 2) . Each HPLC analysis was carried out on pooled extracts from two dishes of neuronal cultures. In some experiments, the NAE-containing fractions from open-bed chromatography (Di Marzo et al., 1994) . The effect of ionomycin (1 pM, 10 min) is shown for comparison. Results are expressed as percent of control and represent the mean ? SEM of five to eight separate experiments; *p < 0.05, ***p < 0.001 (ANOVA); NS, nonsignificantly different from unstimulated cultures.
(eluted with chloroform/methanol, 9:l) were analyzed by normal-phase HPLC on a Resolve silica column (Waters) using a gradient of isopropanol in n-hexane (from 0 to 20% over 20 min). AI1 NAEs were eluted from the column at a retention time of -12 min. One minute fractions were collected during elution, and radioactivity was determined by liquid scintillation counting.
NAPE biosynthesis in neuronal homogenates. N-acyltransferase assays were performed in 50 mM Tris buffer, pH 7.4, containing protein (4 m [' d ml), 0.1% Triton X-100 (TX-loo), 3 mM CaCl,, or 10 mM EGTA and Cldioleoyl-PC or ['4C]dipalmitoyl-PC (1 &i/ml, 80-120 mCi/mmol).
After 1 hr of incubation, reactions were stopped with methanol and the lipid was extracted. The samples were applied to silica gel G-columns, [ 4C]NAPE-containing fractions were eluted with chloroform/methanol (6:4), and radioactivity in the fractions was measured by liquid scintillation counting. Unreacted [14C]PC was eluted with 100% methanol. In initial experiments, we confirmed the identity of the radioactive material eluting from the silica gel G-columns as [14C]NAPE by bidimensional TLC as described above (data not shown). Incubations with [3H]oleic acid (60 Ci/mmol) and ['4C]oleoyl-coenzyme A (55 mCi/mmol) were carried out for 1 hr in 50 mM Tris buffer, pH 7.4, containing protein (4 mg/ml) plus one or a combination of the following: 3 mM CaCl,, 10 mM EGTA, and 0.1% TX-loo. After extraction, the radioactive lipids were fractionated on silica gel G-columns and analyzed by monodimensional TLC, as described above.
Intracellular ICa2+]; and CAMP measurements. Intracellular [Ca*+l; L measurements were performed by dual-emission microfluorimetj using the fluorescent dye Indo l-AM, and [Ca2+], concentrations were calculated from the fluorescence ratio (measured at 410 and 480 nm) using a K,, of 250 nM for Indo l-AM (Grynkiewicz et al., 1985; Venance et al., 1995) . CAMP was measured by ELBA using a commercial kit (Amersham) and following the manufacturer's instructions. Statistical analyses. Results are expressed as the mean 2 SEM of n experiments, and statistical significance was determined by ANOVA.
RESULTS
The Ca2+ ionophore ionomycin is potent in increasing [3H]NAPE levels in primary cultures of rat cortical neurons labeled to apparent isotopic equilibrium with [3H]ethanolamine (Fig. la) . This effect is (1) dependent on the presence of extracellular Ca2+ ions, as shown by the ability of EGTA (10 mM) to prevent it ( Fig. 1 b) ; (2) dependent on the concentration of ionomycin (Fig. lb, inset) ; (3) restricted to neurons: NAPE is prominently labeled in ionomycin-stimulated neurons (Fig. lc) , whereas only background radioactivity comigrates with NAPE in ionomycin-stimulated astrocytes ( Fig. 1 d) ; (4) time-dependent and significant after a 4 min incubation with ionomycin (data not shown). Under identical conditions, ionomycin (1 PM) stimulates [3H]NAE formation in cortical and striatal neurons (Di Marzo et al., 1994) .
The observed increase in [3H]ethanolamine-labeled NAPE may reflect either a de novo biosynthesis of the phospholipid or an increased turnover in its ethanolamine-containing moiety, expected from the stimulation of a D-type phosphodiesterase activity (Di Marzo et al., 1994 Assays were carried out as described in Materials and Methods. Kinase and phosphatase inhibitors were added to the incubation media lo-15 min before stimulation.
In the presence of ionomycin (1 PM), radioactivity in PHINAPE was 17,100 t 2116 dpm/dish (n = 20). position; Fig. la) . Second, mass analysis of NAPE by HPLC coupled to light-scattering detection reveals that neurons contain 0.77 t 0.13 pg of NAPE/dish when unstimulated, and 1.4 + 0.2 &dish when stimulated with ionomycin (n = 4; Fig. 2a,b) . The HPLC fractionation used here provides both a reliable method for identifying unlabeled NAPE ( Fig. 2c and Materials and Methods) and a sensitive approach to the quantification of this lipid in the mass range present in cultured neurons (Fig. 2d) . We determined the [Ca'+], at which ionomycin stimulates (Fig. 30) . The latter is prevented by EGTA (10 mM) or tetrodotoxin (1 PM), confirming the participation of extracellular Ca2+ and Na* channels, respectively (Fig.  3~) . We observed similar increases in [3H]NAPE with two K+-channel blockers (6aminopyridine and 3,4-diaminopyridine, both at 3 mM) and with a glutamate-receptor agonist (kainate, 0.1 mM; Fig. 3~ ). In the same experiments, we also measured [3H]NAE formation and found that it was enhanced (Fig. 3b) , as expected from previous results (Di Marzo et al., 1994; Hansen et al., 1995) . It should be noted that ionomycin is more efficacious than veratridine in enhancing NAPE biosynthesis, although it produces a smaller effect on [Ca'+],: differences in the kinetics or subcellular localization of the [Ca'+], changes evoked by the two drugs might account for this discrepancy.
Many neuronal actions of Ca2+ are mediated by stimulation of Ca'+/calmodulin-dependent protein kinases and phosphatases (Walaas and Greengard, 1987; Hanson and Schulman, 1992 (Table 1) . Protein kinase C (PKC) is also unlikely to be involved, because the PKC activator 4-/3-phorbol-myristate acetate (PMA, 1 FM) neither mimics nor potentiates the effect of ionomycin, and the PKC blocker chelerythrine inhibits it only partially even when used at a supramaximal concentration (5 PM; Table 1 ).
In contrast with PMA, the adenylyl cyclase activator forskolin (10 PM) is potent in enhancing ionomycin-induced [3H]NAPE accumulation (Fig. 4) . Pharmacological experiments indicate that this response is mediated by CAMP: the potentiating effect of forskolin is not mimicked by the inactive forskolin analog 1,8-dideoxyforskolin (10 PM; data not shown) and is prevented by the selective CAMP-dependent protein kinase inhibitor H-89 (0.5 PM; Fig. 4 ). When applied alone, forskolin has no effect on [3H]NAPE levels (Fig. 4) .
The neuroactive peptide VIP is thought to acts as a neuronal messenger in mammalian cortex (Giachetti et al., 1977; Quick et al., 1978; Magistretti and Morrison, 1988) . VIP binds to VIP-type and to pituitary adenylyl-cyclase activating peptide (PACAP)-type receptors, which are both positively coupled to adenylyl cyclase activity (Ishihara et al., 1992; Hashimoto et al., 1993) . We found that application of VIP (1 PM) enhances ionomycin-evoked [3H]NAPE biosynthesis (Fig. 4) . This effect is (1) half-maximal at 400 +-42 nM VIP (n = 2); (2) accompanied by increased CAMP levels (half-maximal at 300 t 53 nM VIP; IZ = 6; data not shown); (3) prevented by inhibiting CAMP-dependent protein kinase activity with H-89 (Fig. 4) . Like forskolin, VIP has no effect on [3H]NAPE levels when applied alone (Fig. 4) of [3H]NAEs under control conditions, 290 + 14 dpm/dish with ionomycin (1 PM), 223 ? 47 dpm/dish with VIP alone (1 PM), and 510 + 90 dpmldish with VIP plus ionomycin. VIP-containing neurons in the cortex are also thought to secrete acetylcholine (Magistretti and Morrison, 1988) . However, carbachol(1 mM), a cholinergic-receptor agonist, has no effect on the levels of [3H]NAPE or [3H]NAEs when applied either alone or in combination with 1 PM ionomycin (data not shown).
Experimental evidence suggests that NAPE may be produced by enzymatic N-acylation of PE (Hazlewood and Dawson, 1975; Schmid et al., 1990; Chapman and Moore, 1993) . Two possible acyl group donors have been postulated to participate in this reaction: glycerophospholipids, in bacteria and animal tissues (Hazlewood and Dawson, 1975; Schmid et al., 1990) , and free fatty acids, in plant tissues (Chapman and Moore, 1993) . Another acyl donor, fatty acyl-coenzyme A, participates in the N-acylation of sphinganine to N-acylsphinganine, a key step in the pathway of ceramide biosynthesis (Kishimoto, 1983) . Homogenates of cortical neurons produce [14C]NAPE when they are incubated in the presence of [14C]PC and Ca2+ (3 mM; Fig. 5a ), whereas we observed no [r4C]NAPE synthesis in neuron homogenates incubated with EGTA (10 mM; Fig. 5b ), or in astrocyte homogenates incubated with 3 mM Ca*+ (data not shown). By using an assay based on open-bed chromatography, we confirmed that [14C]NAPE formation is calcium-dependent and, as expected of an enzymatic mechanism, sensitive to heating (Fig. 5~) (Table 2) . DISCUSSION A possible biochemical mechanism for the formation of biologically active NAEs, including anandamide, is the hydrolytic cleavage of the phospholipid precursor NAPE, a minor N-acylated derivative of PE. This mechanism, illustrated schematically in Figure 6 , postulates that stimulus-dependent rises in [Ca2+], activate a D-type phosphodiesterase activity (phospholipase D) that catalyzes NAPE hydrolysis. Because NAPE is composed of multiple molecular species differing in the fatty acyl moiety linked to PE, the phosphodiesterase reaction results in the mobilization of a family of different NAEs. We do not fully understand yet the biological roles of this heterogeneous family of lipid molecules. We know, however, that several NAEs share the ability to bind to and activate cannabinoid receptors: in brain and in peripheral tissues, anandamide and other polyunsaturated NAEs activate CBl-type receptors (for review, see Mechoulam et al., 1994) , whereas in mastocytes and in mastocyte-derived cell lines, N-palmitoylethanolamine activates a CBZlike receptor subtype (Facci et al., 1995) . Such pleiotropic properties of the NAEs are reminiscent of another lipid-signaling family, the eicosanoids, which are generated from a single precursor molecule, arachidonic acid, and activate multiple transmembrane receptors (for review, see Piomelli, 1994) .
Several lines of evidence support the biochemical mechanism of NAE formation illustrated in Figure 6 . The spectrum of NAEs recovered after stimulation of neurons in primary culture closely corresponds to that expected from the N-acyl moiety composition of neuronal NAPE. Further, stimulus-dependent formation of NAEs is accompanied by increased NAPE turnover. Even further, neuron homogenates contain an enzymatic activity that catalyzes the hydrolysis of radiolabeled NAPE, producing anandamide and June 15, 1996, 76(12) Figure 6 . Model of biosynthesis and regulation of the endogenous cannabinoid precursor NAPE in rat cortical neurons. [Ca"], rises produced by neuronal depolarization may stimulate an N-acyltransferase activity that catalyzes the intermolecular transfer of a fatty acyl group from a glycerophospholipid [e.g., phosphatidylcholine (PC)], to the ethanolamine moiety of phosphatidylethanolamine (RF), forming NAPE and lysophospholipid (e.g., lyso PC). Neuromodulators (e.g., V'ZP) may enhance Ca *+-dependent NAPE biosynthesis by activating a membrane receptor (R) coupled to the activation of adenylyl cyclase (AC) and to the subsequent stimulation of AMP-dependent protein kinase (PKA) activity. The broken arrow indicates that the molecular target of PKA leading to enhanced NAPE biosynthesis remains to be determined. NAPE is composed of several molecular species, differing in the fatty acyl group linked to the ethanolamine moiety (Schmid et al., 1990 , Cadas et al., 1996 . Therefore, cleavage of NAPE by a D-type phosphodiesterase activity [phospholipase D (PLD)] may give rise to multiple N-acylethanolamines (NAES), including anandamide (which activates cannabinoid CBl-type receptors) and IV-palmitoylethanolamine (which activates CBZ-type receptors in certain cell types). Although cannabimimetic NAEs may be recovered in the extracellular fluid of stimulated neurons in culture (Di Marzo et al., 1994 , Hansen et al., 1995 , the mechanism of extrusion of these lipids (indicated schematically as a broken arrow) is still unknown.
other NAEs (Di Marzo et al., 1994; Cadas et al., 1996) . Although this evidence supports a role of NAPE as NAE precursor, it does not rule out the possibility that additional, independent pathways of anandamide formation may exist. This is suggested by the ability of brain homogenates to catalyze the energy-independent formation of anandamide from nonesterified arachidonate and ethanolamine (Deutsch and Chin, 1993; Devane and Axelrod, 1994; Kruszka and Gross, 1994) , a reaction that may be carried out by the reverse reaction of the degradative enzyme anandamide amidohydrolase (Ueda et al., 1995) .
Prompted by the possible role of NAPE as NAE precursor, in the present study we have addressed a series of questions pertinent to the control of NAPE biosynthesis in brain tissue. Is the biosynthesis of NAPE regulated? And, if so, in which cell types 
